Prostate cancer is the most commonly diagnosed cancer in men in North America. Transrectal ultrasound imaging (TRUS) is widely used for the evaluation of prostate disease. However, with conventional TRUS, diagnosticians must mentally integrate a series of two-dimensional (2D) images in order to develop an impression of the 3D anatomy, and the accurate estimation of prostate volume is difficult. We propose using 3D TRUS to overcome these problems. In this paper, we describe a 3D ultrasound imaging system and study its performance. The system consists of a conventional ultrasound machine, a microcomputer with an video frame grabber, and a custom-built assembly for rotating the probe. A typical scan of200 2D B-mode images takes 13 seconds. These images can then be reconstructed into a 3D image, and the resulting 3D image can be interactively displayed using 3D visualization software. We also show that manual planimetry of 3D TRUS images can be used to estimate prostate volumes in vitro with 2.6% accuracy and 2.5% precision; and in vivo with 5.1% intra-observer variability and 1 1.4% inter-observer variability. Thus, 3D TRUS overcomes the limitations of 2D TRUS, and has great potential as a tool for the diagnosis and management ofprostate disease.
INTRODUCTION

Prostate cancer
Prostate cancer is the most commonly diagnosed cancer in men. It has the second highest mortality rate, after lung cancer, among all cancers in men in North 1 The annual incidence rate of prostate cancer has increased in the United States every year since 1 980, and dramatically so in the last decade. In 1995, there were 244,000 new cases and more than 40,000 deaths due to prostate cancer in the United States. It is estimated that some 30% of men over the age of 50 have prostate cancer. However, many of them remain asymptomatic until extensive local growth or metastasis of the tumor has occurred. Once the tumor is no longer encapsulated within the prostate, there is a dramatic increase in the risk of metastasis, and a corresponding decrease in the prospect of a cure. When diagnosed at an early stage, prostate cancer is curable; nevertheless, even in the later stages, treatment can still be effective. Thus, the early diagnosis and accurate staging of prostate cancer are of primary importance.
Because of its inaccessible location, clinical assessment of the prostate gland is difficult.
Traditionally, this has been done by physical examination, prostatic fluid inspection, biopsy, or surgery. At present, the most commonly used screening techniques for prostate cancer are the digital rectal examination and the prostate specific antigen (PSA) test. The role of PSA testing in the diagnosis and monitoring of prostate cancer is well established. A simple blood test, used to measure the level of PSA secreted by the prostate gland, can signal the presence of prostate cancer in a man who has no other symptoms of prostate abnormality. However, the use of PSA for the early detection and staging of prostate cancer remains controversial, and forms the subject of many clinical and scientific investigations. 23 In an effort to improve the clinical utility of the PSA test, many investigators have attempted to correlate the PSA level with the prostate volume. Although it has been claimed that the discriminating power of the PSA test can be improved in this way,45 other investigators could not confirm this 6 However, it is generally believed that measuring the prostate and/or tumor volume is important in interpreting the PSA level. Until now, this task has been performed using transrectal ultrasound imaging, although with less accuracy than clinically desirable.7
Limitations of conventional ultrasound imaging
During the past few decades, several non-invasive imaging modalities have been developed to diagnose prostate disease, such as computed tomography (CT), magnetic resonance imaging (MRI), and especially transrectal ultrasound8 (TRUS). TRUS imaging has several advantages over CT and MM for imaging the prostate. Unlike CT and MRI machines, ultrasound machines are portable and inexpensive to operate. Moreover, TRUS is non-invasive and image formation is fast, allowing real-time procedures such as ultrasound-guided biopsy to be performed. Moreover, TRUS provides reasonable resolution and soft-tissue contrast in prostate images, and has proven to be valuable in the staging, monitoring, and biopsy of prostate cancer.
However, despite its rapid proliferation, the role of TRUS in the diagnosis and staging of prostate cancer remains controversial. This is because, although a conventional TRUS examination has been shown to have significant advantages, it has also been shown to have relatively low sensitivity and specificity for the staging of prostate cancer.9 Although it is generally agreed that TRUS is an important and cost-effective technique for the diagnosis and staging of prostate cancer, it is also widely recognized that some technical improvements to TRUS are needed before its potential can be fully realized.
One of the major limitations of conventional TRUS images are their inherently two-dimensional (2D) character. Since human anatomy is three-dimensional (3D), diagnosticians must mentally integrate a series of 2D images in order to develop an impression of the 3D anatomy, an arduous and time-consuming process prone to operator variability. Also, due to the restrictions imposed by patient anatomy, only transverse and sagittal views are available with conventional 2D TRUS, and not coronal or oblique views, hindering this visualization process and hence the accurate diagnosis or staging of the patient's condition. Moreover, since a 2D image represents a thin slice of the patient's anatomy in a particular orientation and location, it is difficult to locate the same image plane in subsequent examinations. For this reason, 2D imaging modalities such as conventional TRUS are not ideal for prospective or follow-up studies, such as monitoring the effects of cancer therapy. Furthermore, staging prostate cancer requires the prostate and tumor volumes to be known with high accuracy. The reproducibility of prostate volume estimates is important for interpreting the PSA assay level and any change in response to therapy. Currently, quantitative estimation of the prostate or tumor volume is usually performed by measuring its height, width, and length from two orthogonal 2D TRUS images (the transverse and sagittal views) and calculating the volume of the corresponding ellipsoid. However, this method may potentially lead to inaccurate and variable results.
Research goals
Our hypothesis is that the use of 3D ultrasound imaging to perform the prostate exam will overcome the aforementioned limitations of conventional 2D TRUS, and permit the estimation of prostate and tumor volumes with greater accuracy and and consistancy. In this way, the diagnosis and staging of prostate cancer can be made more accurate and less operator dependant. With a 3D ultrasound imaging system, the patient's prostate can be scanned in only a few seconds and the resulting 3D image can be later manipulated and viewed interactively on a computer, after the patient has departed, and prostate and tumor volumes can be measured with better accuracy and reproducibility.
The goals of our research were: to develop a 3D ultrasound system for imaging the prostate; to evaluate the imaging performance of this system (accuracy, precision, resolution); to analyze the image distortion that may appear in the reconstructed 3D images; and, to assess the intra-and inter-observer variability of prostate volume estimation, and to show that volume estimation by the 3D ultrasound method is statistically significantly better than by the conventional 2D method.
ULTRASOUND IMAGING SYSTEM
2.1 3D imaging system: Hardware The 3D TRUS imaging system'°.11.12 consists of three elements: (i) a conventional ultrasound machine with a transrectal ultrasound transducer; (ii) a microcomputer with an 8-bit video frame-grabber; and, (iii) a motor-driven assembly to hold and rotate the transducer. These elements were used for the image data acquisition, while a Sun workstation was used for image reconstruction, display, manipulation, and analysis at the early stages of this work, and later the complete system was developed on a Power Macintosh computer platform.
A schematic diagram of our approach is shown in Fig. I . The TRUS probe is mounted in the probe holder assembly. When activated, it is rotated around its long axis by a computer-controlled motor. The data neccessary for reconstructing a 3D image data is acquired by collecting a series of 2D B-mode images as the probe is rotated at constant speed. For a typical acquisition, the probe is rotated through about 800 while 100 images are collected at 15 images/see, so that the entire data acquisition can be completed in 8 seconds. For larger prostates, the total scanning angle is increased with a proportional increase in the scanning time. At pre-defined angular intervals of the probe, a region of interest (ROl) within the video image is digitized and stored in the computer memory. After a complete series of images is acquired, the image data are then reconstructed into a 3D image and displayed with interactive 3D visualization tools. 10,11 For the results presented in this paper, we used an ATL Ultramark 9 ultrasound imaging system (Advanced Technology Laboratories, Bothell, WA) with a 5-MHz side-firing linear-array transducer. However, the system can be used with any ultrasound imaging system. 
3D imaging system: Software
If the probe rotation axis is designated as the z-axis, then, for each value of z, the fan of 2D image slices perpendicularly intersects the x-y plane in an identical annular arc about the origin. Thus, the reconstruction algorithm for every x-y plane is the same, and consists of mapping the source image pixel 1 1 0 values P(r,9,z) in cylindrical coordinates to the reconstructed image pixel values P'(x,y,z) in Cartesian coordinates. For each value of z. this is done by computing the polar coordinates (r,O) = ('J(X2 + y2 ), arctan (x / y)) of each Cartesian gridpoint and bilinearly interpolating the value of P' from the values P(r.9) of its nearest neighbours in the source image. Hence the pixel value of each reconstructed image point is a weighted average of four source image pixel values from the same x-y plane. By putting these weights into a pre-computed lookup table, which is applied repeatedly for each successive z value. the 3D volume image can be rapidly reconstructed from the scan data.'2 For example, a 3D volume image of 310 x 190 x 230 pixels can be reconstructed by this algorithm from 200 2D images of 230 x 176 pixels each in 45 s on a Power Macintosh 9500/135. Once reconstructed, the 3D volume image can be viewed interactively, using 3D visualization software developed in our laboratories, to view any cross-sectional "slice" of the prostate, in any orientation, via "multi-slicing texture mapping",'° as illustrated by the 3D prostate images shown in Fig.  2 . For each patient, the probe was covered with a water-filled condom and inserted into the rectum, in the same manner as for a conventional TRUS examination. In each case, 100 2D images were acquired while the probe was rotated through 800_bOo, and subsequently reconstructed into a 3D image of a volume containing the prostate, the seminal vesicles. and their surrounding tissues. The accuracy of distance measurements was evaluated by imaging a 3D wire phantom. The phantom. built in our laboratory, is composed of four layers of 0.25-mm diameter surgical wires, with 8 parallel wires per layer. The distance between layers is 10.00 0.05 mm, as is the separation of wires within each layer. For imaging, the wire phantom was immersed in a bath composed of a 7% glycerol solution in distilled water. This composition was chosen in order to make the speed of sound in the bath approximately 1540 m/s (within The wire phantom was scanned first with the wires placed parallel to the axis of rotation of the probe (the z axis), which are designated as the A images. and then with the wires oriented parallel to the x axis. designated as the B images. Nine 3D scans were performed in each case. For each scan, 100 2D images were collected over 600. After reconstruction, the A and B images each contain 1 6 wire cross-sections, arranged in four layers. The distance of the first wire layer from the probe (i. e. the y-value of the layer) was about 27 mm for the first scan, and was increased by about 1 mm for each subsequent scan, so that, collectively, the nine scans contain wire images at y-values ranging from 27 mm to 66 mm.
The separations between wire layers were then measured for each scan. The transverse and axial separations Ex and y were measured from the A images, and the axial and lateral separations Ay and Az from the B images. To obtain three orthogonal separation measurements, the locations of the centroid of each wire image were determined automatically by a computer algorithm. The 3D volume was projected onto the x-y plane to obtain the centroid coordinates (x,y) of the 1 6 wire cross-sections of the A images, and projected onto the y-z plane to obtain the centroid coordinates (y,z) of the 16 wire cross-sections of the B images. The mean centroid separations were calculated by averaging the separations of adjacent centroids over the nine scans, obtaining the mean values of Ax and Ay from the A images and the mean values of Ay and Az from the B images; the double determination of Ay serving to double-check the results.
The results of the distance measurement study showed that our 3D TRUS system had an accuracy of about 1 .0%, since the mean measured wire separation is 1 0.10 mm and true mean wire separation is 10.00 mm. The precision of an individual separation measurement is about 1% for the A images and 2-3% for the B images. To evaluate the accuracy of volume measurements, we imaged a balloon filled with five different amounts of bath solution, and compared the measured volumes, derived from the 3D images, to the true volumes, derived by subtracting the mass of the empty balloon from that of the filled balloon and dividing the difference by the measured density of the bath solution. The balloon was filled with five different volumes of water bath solution ranging from about :23 cm3 to 66 cm3, and imaged with three different fields of view (and hence voxel sizes) at each volume, in the same manner and with the same bath composition as used for imaging the wire phantom. Each image data set consisted of 100 2D images, scanned through 60°.
After reconstruction, each 3D image was "sliced" to produce successive 2D images in planes spaced about 0.2 mm apart. For each 2D image, the balloon boundary was then manually outlined, and the number of pixels within the boundary determined. Multiplying the sum of these numbers (i. e. the total number of voxels within the balloon) by the voxel volume then yielded the measured volume of the balloon.
The results of the volume measurement study are shown in Table 2 . Since each volume was imaged at three different fields-of-view (and hence different voxel sizes), the measured volumes shown represent the average and standard deviation of the three volume estimates made for each true volume listed. The volume measurements have a root-mean-square (rms) accuracy of 0.9% and an rms precision of 1.7%. Also, a least-squares regression through the origin resulted in a best-fit line with a slope of 1.0004 0.0039 and a correlation coefficient of 0.99997. 
Image resolution
The wire phantom was also used to evaluate the system resolution, as measured by the full-width at half-maximum (FWHM) of the cross-sectional image of a B wire (one parallel to the x axis), as a function of y. In order to improve the precision of the FWHM value, the four cross-sections at the same y-value in each "slice" were superimposed for the central 16 y-z "slices" of the 3D image. This was done for each of the 36 y-values contained in the data set (9 scans x 4 y-values per scan). In order to determine whether the 3D reconstruction algorithm has degraded the image resolution, the same analysis was performed on the central 16 2D images of each scan, and the results compared. This is feasible since the central image is parrallel to an axis in the 3D image, and thus the central 16 images will span an angle of 4.8°, resulting in a negligible distortion (less than 0.36% maximum, and 0.12% on average).
The result of measurement of FWHM is shown in Table 3 . The FWHM is much smaller and independent of y, in the axial (or y) direction than it is in the lateral (or z) direction, where it exhibits a dual focal-zone pattern of variation with y. In both directions, the excess of the 3D FWHM's over their 2D counterparts is essentially independent of y. The axial excess is always positive, with a mean value of 0.07 0.02 mm, while the lateral excess is almost random in sign, with a mean value of 0.10 0. 1 1 mm. The axial resolution is only slightly (8%) degraded by the 3D reconstruction algorithm, while the lateral resolution is negligibly (3%) degraded. In practice, these changes in resolution would be nearly imperceptible. 
PROSTATE VOLUME MEASUREMENTS IN VITRO
Six prostates, with seminal vesicles and some periprostatic fat attached, were harvested from fresh cadavers, fixed and stored in 1 0% formalin. After fixation, their volumes were measured by water displacement in a graduated cylinder, and found to range from 25 to 98 cm3. A plastic container, lined with sponge to decrease sound reflection, was filled with a solution of 7% glycerol in distilled water. A wire grid was placed in the bottom of the container to support the prostates, which were angled at 25° to the vertical, mimicking the normal anatomical alignment of the prostate in the body relative to the position of the transrectal ultrasound transducer.
The probe holder was fixed to a metal stand in a manner that allowed the distal end of the transducer to be immersed in the glycerol solution within 2 cm of the prostate. After allowing the solution to settle, the scanning mechanism was activated causing the transducer to rotate about its long axis. The angle of rotation, typically 1000, depended on the size of the prostate. During this rotation, typically 100 2D ultrasound images were captured by a video frame grabber and stored in the microcomputer. In this study, the data acquisition rate was 5 images/sec so that for a data set of 100 images, the acquisition time was 20 seconds. After the image data acquisition, the 2D image data set was reconstructed into a 3D image.
The prostate volumes were measured by manual planimetry, which involved outlining the prostate in 20-30 transaxial image slices, 2-5 mm apart, and summing the area-thickness products.'3 A linear regression of measured vs true volume yielded a slope of 1 .006 0.007. The accuracy (rms deviation from the line of identity) of the measurements was 2.6%, and the precision (rms deviation from the best fit line) was 2.5%.
The precision of volume estimation using manual planimetry from a 3D image was obtained from 10 repeated volume measurements of one of the cadaveric prostates. The mean of the prostate volume was 25.32 cm3, and the standard deviation was 0.43 cm3, or 1 .7% of the mean.
As the prostate volume is calculated from the measured areas in individual slices, the choice of interslice distances will affect the resulting volume estimation. A smaller inter-slice distance will produce more accurate volume estimation, but is more time-consuming because more 2D image slices need to be outlined for each volume measurement. While a large inter-slice distance will be less time consuming, the volume estimate may be in error if the structure is complex. To examine the effect of the choice of the inter-slice distance, the volume of one of the prostates was determined from the 3D image by the outlining method in the transaxial, sagittal, and coronal planes, with inter-plane distance ranging from 1 mm to 1 5 mm. The result shows that measured prostate volume is constant to within the precision of the volume estimation up to an inter-slice distance of 8 mm or less. Using inter-slice distances greater than 8 mm results in an underestimation of the prostate volume.
ANALYSIS OF IMAGE DISTORTION
In our 3D ultrasound imaging system, the probe is rotated about its axis under computer control to collect a series of 2D images, from which the 3D image is reconstructed. Hence, for an accurate reconstruction, two parameters must be precisely known: the axis location and the probe scanning angle 0. For a 3D ultrasound imaging system using a side-firing probe as shown in Fig. 3 , there are two potentially significant sources of error among the parameters used to define the 3D image reconstruction algorithm: an error iR in the parameter R, the distance of the probe rotation axis from the image ROl; or, an error A® in the parameter €, the total angle through which the probe is rotated during a scan. Although differences in the speed of sound between different types of soft tissues and effect of refraction could be potential sources of error, we expect that the effect is small, since the speed of sound varies within 5% for different tissue types and the distance from the ultrasound transducer to the prostate gland is only a few cm.
We have carried out a theoretical analysis and experimental measurement of the image distortion and relative error in a calculated length, area, or volume due to an error in the axis location (hence the axis-toROl distance R0) or value of the total scanning angle 0 assumed for the 3D reconstruction. As a result of these errors, AR and M, four types of image distortions appear in the reconstructed 3D image: (i) the relative distortion in the shape of the image of a straight line, as measured by the ratio h/L of the perpendicular displacement h (the height of the triangle formed by an intermediate point and the two endpoints of the line image) to the undistorted length L of the line; (ii) the relative distortion ALIL in L; (iii) the relative distortion AAIA in the area A of an arbitrary object cross-section, and (iv) the relative distortion AVIV in the volume V of an arbitrary object.
Reconstructed image plane / Figure 3 . A schematic diagram illustrating the geometry used for 3D scanning. A region of interest (ROl) is digitized in each of a series of 2D images, which are acquired while the side-firing ultrasound probe is rotated about its axis through an angle 0. The distance from the probe axis to the ROl is R0
Assuming that the angular spacing between successive 2D image acquisitions remains uniform as the probe is rotated, so that the relative error AOIO in any angle q is also uniform and equal to A0/0, we have theoretically derived closed-form analytic expressions for each of these image distortions. In every case, the relative error is well-described by the bilinear form P AR/R + Q A®10, where IP 1 and Q 1, and R is the average distance of the object from the axis, which is analytically defined for an arbitrary straight line, crosssectional area, or volume. For a line, R is the average distance of the endpoints from the axis; while, for an area or volume, we have demonstrated numerically that R is closely approximated by the distance of the object's geometric center from the axis. Table 4 . Relative errors AAIA in the measured area A' = A + AA as a function of error AO in B, assuming the correct value of R0 is used. The true area A is 14400 pixels, and the scanning angle 0 is 60°. In order to verify numerically and experimentally the accuracy of our theoretical formulas, these distortions were measured in simulated images of a white cube in a gray background and in real images of a wire phantom, and the results compared to the theoretical values. In all cases, the measured and theoretical values agreed within the measurement uncertainty, confirming the accuracy of the latter. Table 4 shows the measured and theoretical values of the relative error ISA/A in the area A of a square object as a function of error b® in ®, assuming the correct value of R is used.
INTRA. AND iNTER-OBSERVER VARIABILITY
Currently, prostate volume estimation with 2D ultrasound is done by measuring the height H, width w, and length L of the prostate from two selected orthogonal views, and estimating the prostate volume V as that of the corresponding ellipsoid, i.e. V = (ir/6)HWL. This is called the HWL method. This method has several drawbacks: the prostate is not ellipsoidal; consequently, the choice of which three chords are to be used to measure H, W, and L in a given set of images is not clear-cut, and largely dependent on observer preference, leading to high inter-observer variability in volume estimation. Moreover, even for a single observer with a single set of images, the choice is still somewhat arbitrary, leading to high intra-observer variability.
With 3D ultrasound, prostate volume V can be estimated via manual planimetry. In this method, the 3D volume image of the prostate is "sliced" in the computer into a series of uniformly-spaced, parallel 2D images, and the cross-sectional area of the prostate in each slice is then manually outlined interactively on a computer with a computer mouse device. The sum of these areas, multiplied by the slice thickness, then provides an estimate of V. Henceforth, we will refer to this method as the 3D US method.
Eight observers participated in this study. Half of these were experienced radiologists at the London Health Sciences Center, and the other half were technicians or graduate students from the Robarts Research Institute. The non-radiologists were given two sessions of training, two hours each session, on how to make prostate volume measurement from a 3D ultrasound image. The prostates of fifteen patients were scanned in vivo, reconstructed and then measured. The volume of each prostate was measured four times by each observer, twice via the HWL method, using transverse and sagittal cross-sections of the 3D volume image to measure H, W, and L, and twice via the 3D US method, using manual planimetry with an interslice spacing of 4 mm. Ideally, the HWL method should be performed on 2D images from a conventional ultrasound machine, as part of a normal examination. However, examining each patient 16 times is neither practical nor ethically acceptable. Hence, we performed the HWL measurements on sagittal and transverse 2D crosssections of the 3D US image, as a practical and acceptable substitute.
The analysis of variance (ANOVA) technique described by Eliasziw14 and implemented by Mitchell'5 was used to assess the intra-and inter-observer variability of prostate volume measurements made via the HWL and 3D US methods. In particular, we respectively used the intra-and inter-observer standard errors of measurement SEMintra and SEMinter to characterize the variability of volume measurements made by the same and different observers. These can also be expressed in terms of the minimum volume changes L&Vintra and AVinter that can be detected with a given confidence level in successive measurements. Using the two sets of measured parameters, one for each method, we then compared the HWL and 3D US for measuring prostate volume.
Since the true prostate volumes were unknown, the mean volumes measured by the radiologists with the 3D US method were considered to be the true volumes, used here as a reference in order to calculate relative errors and to assess the systematic errors of individual observers. For both the HWL and 3D US methods, each observer's systematic error was estimated as the mean relative error of their volume estimates, i. e. the mean percentage difference between the measured and true prostate volumes described above. Each observer's random error was estimated as the mean relative standard deviation of their volume estimates, i.e. the standard deviations expressed as a percentage of these true prostate volumes. Averaging these individual systematic and random errors over all 8 observers then yielded the mean systematic and random observer errors, respectively. Also, in order to assess any differences between radiologists and nonradiologists, the averages over these subgroups of observers were also determined.
The ANOVA results showed that the 3D US method has intra-and inter-observer errors of SEM1 = 3.6 cm3 and SEMinter 9.6 cm3, respectively. By comparison, with the HWL method, these errors were SEM = 9.5 cm3 and SEMinter 1 1 .6 cm3, respectively. However, by doing similar analyses on different subsets of prostates, it was found that these absolute SEM values varied with the average volume of the subset. Thus, for each method, the volume of each prostate was normalized by its average value for that method, and the ANOVA was repeated. The results show that the 3D US method has respective intra-and inter-observer errors of SEMinfra 5.1% and SEMinter 1 1 .4%, while the HWL method had respective intraand inter-observer errors of SEM1 1 1 .5% and SEMinter 13.5%. Since SEM values are rather abstract, they are often interpreted in terms of the minimum volume change that can be confidently detected between successive measurements, which is given by AV = 2.77 SEM at the 95% level of confidence. Thus, if one observer makes an initial prostate volume measurement, and the same (another) observer makes a follow-up measurement, then the volume must change by 32% (37%) before it can be confidently detected by the HWL method, but by only 14% (32%) before it can be confidently detected by the 3D US method. This increase in sensitivity could be clinically beneficial for the diagnosis, staging, study, and management of prostate disease. The statistical significance of the differences in the SEM (and hence LV) values for the two methods were tested via the t-test. 15 In every case, the differences were found to be highly significant, with p < 0.001 . This demonstrates that using the 3D US method instead of the HWL method significantly reduces the variability of prostate volume measurements.
Deeper insight into the difference between the performance of these two methods can be gained by considering also the analyses of random and systematic observer error. For a given method, the random errors of both radiologists and non-radiologists were almost the same. Overall, they average 3.9% for the 3D US method, and 12.6% for the HWL method. Although the systematic errors of non-radiologists differed negligibly from those of radiologists with the 3D US method, they differed substantially with the HWL method, being much greater for non-radiologists than for radiologists. Radiologists were more consistent with the HWL method, which was familiar to them, than with the 3D US method, which was not. On the other hand, non-radiologists were more consistent than radiologists with the 3D US method, due perhaps to their greater familiarity with computer image technology (in this instance), but far less consistent than radiologists with the HWL method. This suggests that, although non-radiologists would need extensive training to measure prostate volumes as well as radiologists do with the HWL method, they would need little training to do so with the 3D US method. Thus, using the 3D US method, this chore could be delegated to a technician without any loss of accuracy or consistency, sparing the radiologist the tedium of performing manual planimetry.
CONCLUSIONS
We have developed a 3D TRUS system for imaging the prostate, and demonstrated that it overcomes the limitations of conventional 2D TRUS, and has great potential as a tool for the diagnosis, therapy, and follow up of prostate disease.l6J7l8,l9 Our 3D TRUS system offers the following advantages:
. Except for the TRUS probe holder, it utilizes only commercially available hardware. . It obviates the need for diagnosticians to mentally integrate a series of 2D images in order to develop an impression of the 3D anatomy of the prostate. S permits the prostate to be viewed interactively in multiple simultaneous planes, allowing better visualization of its internal architecture.
• It allows the same view of the prostate to be easily repeated in successive examinations, making 3D TRUS well suited to performing prospective or follow-up studies.
• It reduces the examination time from 10-20 minutes to less than 5 minutes, benefiting both patients and clinicians.
. It allows the measurement of prostate volumes by manual planimetry with about 2.6% accuracy and 2.5% precision.
. It greatly reduces inter-and intra-observer variability in comparison to the conventional HWL method.
